The increasing demand for intelligent materials has driven the development of polymers with a variety of functionalities. However, combining multiple functionalities within one polymer is still challenging because of the difficulties encountered in coordinating different functional building blocks during fabrication. In this work, we demonstrate the fabrication of a multifunctional liquid crystalline epoxy network (LCEN) using the combination of thermotropic liquid crystals, photo-responsive azobenzene molecules, and exchangeable disulfide bonds. In addition to shape memory behavior enabled by the reversible liquid crystalline phase transition and photo-induced bending behavior resulting from the photo-responsive azobenzene molecules, the introduction of dynamic disulfide bonds into the LCEN resulted in a structurally dynamic network, allowing the reshaping, repairing, and recycling of the material.
Introduction
Shape memory polymers are smart materials that are able to change shapes when exposed to external stimuli, such as heat, light, electric elds, or magnetic elds. [1] [2] [3] The unique properties and technological signicance of shape memory polymers have led to broad development activities ranging from biomedical (e.g., biosensors, drug delivery systems, and intelligent implants) to aerospace applications (e.g., actuators, selfdeployable devices, and morphing structures). Liquid crystalline networks (LCNs) are a special class of shape memory polymers dened by a reversible liquid crystalline (LC) phase transition and a unique coupling between the mesogen and the polymer network. [4] [5] [6] They are able to undergo large dimensional changes owing to the macroscopic orientation of the LC domains. 7 These unique properties make them excellent candidates for shape memory and actuation applications. [8] [9] [10] [11] [12] [13] [14] [15] [16] In recent years, photo-responsive LCNs were developed by incorporating photo-responsive molecules, such as azobenzene, which allows the material to convert light energy into mechanical work. [17] [18] [19] Here, exposure to light causes the transformation of azobenzene between two geometrically different isomers, resulting in a variety of shape changes of the bulk liquid crystalline network material, including bending, twisting, and oscillating. [20] [21] [22] [23] [24] [25] [26] Gelebart et al. recently reported a photoresponsive polymer lm that exhibited continuous and directional mechanical waves resulting from a fast isomerization process of the azobenzene molecules. 27 The incorporation of azobenzene into polymers has been proven to be an effective way to create smart materials that can response to external light stimuli. However, in order to further increase the intelligence of these materials, additional functional building blocks need to be introduced to the materials.
Recently, dynamic covalent chemistries were incorporated into LCNs, which allowed for the reversible breaking and reformation of the covalent bonds. [28] [29] [30] [31] The use of a catalytically/ thermally controlled transesterication reaction resulted in a rearrangeable network structure that improved the reprocessability of the material. However, these LCNs were still not fully recyclable because the transesterication reaction relied on the exchange reaction between hydroxyl and ester groups. Although the chemical bonds in the network kept exchanging, their total number remained constant. Therefore, the recyclability of the material was still limited as it heavily relied on depolymerization induced by chemical bond reduction.
Disulde chemistries have been used in physiological applications where the behavior of large protein molecules, including their conformational change, biological activity, and reduction, is controlled by reversible sulfur-sulfur bonds. 32, 33 In recent years, dynamic disulde bonds were used to design structurally adaptive polymers with self-healing and shape memory properties. [34] [35] [36] While the use of disulde chemistry has the potential to produce reprocessable and recyclable LCNs, it remains largely unexplored. The introduction of dynamic disulde bonds into LCNs is expected to result in rearrangeable networks, which will improve the reprocessability of LCNs and allow for practical shape memory applications.
In this work, we demonstrate that different functional building blocks (thermally responsive liquid crystals, photoresponsive azobenzene molecules, and dynamic disulde bonds) can be integrated into a liquid crystalline epoxy network (LCEN), and that the resulting material exhibits adaptive performance, including shape memory and photomechanical behavior, when exposed to different external stimuli (light or heat). In addition, we demonstrate that the introduction of dynamic disulde bonds facilitates the reshaping, repairing, and recycling of LCEN by taking advantage of the disulde exchange and thiol-disulde interchange reactions.
Experimental section

Materials
Epichlorohydrin was obtained from Acros Organics. Benzyltrimethylammonium bromide, sebacic acid (SA), 4,4 0 -dithiodibutryic acid (DSA), and imidazole (ID) were purchased from Sigma-Aldrich. 4,4 0 -(1,2-Diazenediyl)bisphenol was purchased from Synthon Chemicals. All chemicals were used as received without further purication. The epoxy monomer (4,4 0 -diglycidyloxyazobenzene, AE) was synthesized according to a procedure reported in an earlier work. 
Preparation of LCEN lms
The LCEN was synthesized by curing of AE, SA, DSA, and ID at a molar ratio of 1 : 0.9 : 0.1 : 0.1. The four chemicals were dissolved in acetone and sonicated for 10 min. Aer evaporation of the solvent, the powder mixture was grinded using a pestle and mortar. LCEN lms were prepared using the parallel plate xture of a strain-controlled rheometer (ARES G2, TA Instruments). The parallel plates were preheated to 170 C before the powder mixture was loaded. Aer the material was fully melted, the gap between the plates was reduced to 0.2 mm and maintained constant throughout the curing process. The material was cured at 170 C for 1 h in ARES G2, then moved to a convection oven and cured at 170 C for 3 h and 200 C for 1 h.
Characterizations
The thermal and LC transitions of the LCEN were determined using a differential scanning calorimeter (Discovery DSC, TA Instruments) under a nitrogen purge of 20 mL min À1 . A heatcool-heat cycle with a ramp rate of 20 C min À1 was used. The glass transition (T g ) and LC transition (T lc ) of the LCEN were determined from the second heating scan. The structure of the LCEN was characterized using twodimensional wide-angle X-ray scattering (Anton Paar SAXSess mc 2 ). The scattering beam was recorded on an imaging plate (multi-sensitive storage phosphor) and read using an imaging plate reader. The X-rays were generated at 40 kV/50 mA and the wavelength of the used X-ray beam was l ¼ 1.541Å (Cu-Ka radiation). The structure of LCEN lms at strain values of 0%, 100%, and 200% was examined using wide angle X-ray scattering (WAXS) congurations. Static tensile tests were carried out using the ARES G2 rheometer in a lm tension geometry. The LCEN lm was heated to 80 C (between T g and T lc ) and the axial force was measured under a strain ramp rate of 0.002 s À1 . Cyclic thermomechanical tensile tests were carried out using the ARES G2 in a lm tension geometry. The LCEN lm was heated to 160 C (above T lc ), and then a constant force of 0.1 N was applied. Then the temperature was decreased to 80 C at a cooling rate of 3 C min À1 and then increased to 160 C again at a heating rate of 3 C min À1 . The strain of the LCEN lm was measured during the temperature cycling. Triple shape memory tests were also performed using ARES G2 in a lm tension geometry and consisted of the following steps: (1) heating the sample to 160 C, (2) applying a constant axial force of 0.2 N, (3) decreasing the temperature to 80 C at a cooling rate of 3 C min
À1
, (4) increasing the axial force to 0.5 N, (5) equilibrating the sample for 2 min, (6) decreasing the temperature to 40 C at a cooling rate of 3 C min À1 , (7) decreasing the axial force to 0.2 N, (8) increasing the temperature to 80 C at a heating rate of 3 C min À1
, (9) equilibrating the sample for 2 min, and (10) increasing the temperature to 160 C at a heating rate of 3 C min
. Creep and creep recovery tests were also carried out using ARES G2 in a lm tension geometry. A constant force was applied for 20 min, followed by a 20 min recovery period.
The light source used for the photomechanical characterization was generated by a UV curing lamp system with a 320-500 nm internal lter (OmniCure S2000, Excelitas Technologies). The light was guided into an adjustable collimating adapter (Lumen Dynamics) and then passed through a bandpass lter (355 nm or 442 nm) and a polarized beamsplitter cube (Thorlabs). The nal intensity of the light was measured using either a blue light radiometer (Solartech) or a UV radiometer (UV Process Supply). Fig. 1a shows the chemical structures of monomer, curing agents, and catalyst used to synthesize the LCEN. The curing reaction started with the ring-opening of epoxy monomer. Adding exible aliphatic chains increased the mobility of the mesogens and facilitated their self-organization into an ordered LC phase. However, hydroxyl groups were also created by the opening of the epoxy rings, which acted as crosslinking sites and disrupted the LC order. Therefore, imidazole was used as a catalyst to promote the ring-opening reaction and facilitate formation of the LC phase. The formed LC phase was retained in the material through the reaction of hydroxyl groups with either epoxy through etherication or carboxylic acid through esterication, which created a lightly crosslinked network with LC structure (ESI Fig. S1 †) . In order to create structurally dynamic LCENs, disulde bonds were introduced into the LCEN by using DSA as a co-curing agent. It was determined that when DSA was used as the only curing agent, the resulting LCEN was overly dynamic, affecting the stability of the formed LC phase. Therefore, the molar ratio of DSA was limited to 0.1 to control the amount of disulde bonds in the LCEN.
Results and discussion
Thermal and LC properties
Fully cured LCEN lms exhibited a T g of 59.0 C and a T lc of 114.6 C (Fig. 1b) . Two-dimensional wide-angle X-ray scattering (2D WAXS) conrmed that the prepared LCEN lms exhibited smectic LC polydomain structure (Fig. 2a) . The quantied 2D WAXS patterns are shown in Fig. 2b . The sharp peak (q ¼ 3.5 nm À1 , d ¼ 18.0Å) was the result of scattering from the periodic smectic layer, while the broad peak (q ¼ 13.4 nm
was caused by the scattering of the less regulated neighboring mesogens in the smectic layers. The liquid crystallinity of the LCEN was also examined using polarized optical microscopy, in which a highly birefringent texture was observed (ESI Fig. S2 †) . Fig. 2c shows the static tensile behavior of the LCEN lms. Aer the initial elastic response, the force-strain curve exhibited a plateau region, which was attributed to the macroscopic orientation of the LCEN, where the LC domains were aligned in the direction of the applied force. The increase in the degree of orientation of the LC domains upon mechanical stretching was conrmed by ex situ 2D WAXS experiments. Fig. 2d shows the azimuthal intensity distribution of LCEN lms at different strain levels, which were used to determine the degree of orientation see Fig. 2a . Owing to the macroscopic orientation of the LC domains, the synthesized LCEN was able to exhibit large dimensional change, which would be benecial for shape memory applications. Fig. 3a shows reversible shape change of the LCEN lms in a cyclic thermomechanical tensile test. The LCEN lms exhibited elongation behavior during the cooling process. The rate of the elongation reached a maximum at 116.4 C (ESI Fig. S3 †) , which was close to the T lc determined by differential scanning calorimetry (DSC) experiments and indicated that the elongation was caused by the formation of the LC domains and their macroscopic orientation in response to the applied axial force. During the heating process, however, the LCEN lms contracted because the LC phase transitioned to an isotropic phase, where the material lost liquid crystallinity and returned to a random conformation. Because of the reversible nature of the LC phase transition, the elongation and contraction behavior of the LCEN in the cooling and heating process, respectively, can be repeated several times. It is worth mentioning that a creep behavior of the LCEN was observed during the cyclic thermomechanical tensile test, where the deformation was not able to be fully recovered. This was attributed to the relatively low crosslink density of the material. Fig. 3b shows triple shape memory behavior of the LCEN lms, which was facilitated by the two reversible transitions (T g and T lc ). A two-stage shape programming process was used to induce two consecutive shape changes caused by the orientation of the LC domains and the deformation of the elastomeric network, respectively. During the cooling process, the LCEN rst transformed from an amorphous rubber to an LC rubber. The LC formation and orientation allowed for the rst shape change observed in the triple shape memory experiment. Then, the axial force applied on the LCEN lm was increased from 0.1 N to 0.5 N to induce the second shape change, which was caused by the deformation of the rubbery network. Further cooling led to a transformation of the LCEN from an LC rubber state to an LC glass state, which allowed the deformation to be xed even when the axial force was removed. Subsequently, the changes in shape of the LCEN lms were reversed when the material was heated to 80 C and 160 C, respectively. Fig. 3c demonstrates the shape memory capacity of the LCEN material. Here, an LCEN box was attened and folded backward at 160 C to adopt a temporary shape. Aer cooling to room temperature, the temporary shape was retained as a result of the restriction of the LC domains and the glassy polymer network. The permanent shape was recovered by heating the material back to 160 C to remove the restriction. In addition, the incorporation of the azobenzene molecules allowed to initiate the shape recovery process by UV irradiation because of a photo-thermal effect of the azobenzene molecules (Video S1 †).
Shape memory properties
Photomechanical properties
The photo-chemical properties of azobenzene molecules, such as their blue light induced photo-alignment 38 and UV light induced photo-isomerization, 39 facilitated control of the photomechanical behavior of the LCEN lms using light with different wavelengths. Fig. 4a shows the bidirectional bending behavior of the LCEN lms triggered by polarized blue light. When the polarization direction of the blue light was parallel to the long axis of the LCEN lm, the lm bent toward the light source (Video S2 †). In contrast, when the polarization direction was perpendicular to the long axis of the LCEN, the lm bent away from the light source (Video S3 †). In both cases, the direction of the azobenzene molecules on the light-fronting surface was changed in response to the incident polarized blue light, leading to either a contraction or an expansion of the surface layer, which ultimately resulted in bending of the LCEN lms. Fig. 4b shows the controlled bending direction of the LCEN lms initiated by polarized UV light. Although in both case, the bending behavior of the LCEN lms was caused by the shape change of the material on the light-fronting surface, the underlying mechanisms were different. The polarized blue light caused alignment of the azobenzene molecules perpendicular to the polarized light through a trans-cis-trans transformation, 40 whereas exposure to polarized UV light led to a bending of selective azobenzene molecules through a trans-cis transformation. 41 The change in direction or shape of the azobenzene molecules on the light-fronting surface led to expansion or contraction of the surface layer, resulting in bending of the LCEN lms.
Reprocessability and recyclability
In order to add new functionalities to the material, dynamic disulde bonds were incorporated to create structurally dynamic LCEN. The effect of exchangeable disulde bonds on viscoelastic properties of the LCEN was characterized using creep tests (Fig. 5a) . The creep experiments were performed at temperatures higher than T lc to eliminate any possible inu-ence of LC orientation on creep behavior of the LCEN lms. In contrast to the creep behavior of traditional crosslinked polymer networks, where the deformations can be fully recovered, the synthesized LCEN lms exhibited permanent deformations at all the investigated temperatures.
The creep test results are summarized in Table 1 . Instantaneous deformation of the LCEN lms was determined by the initial strain of the material upon application of the axial force, which reected the elastic response of the material. Creep deformation of the LCEN lms was determined as the accumulated strain of the LCEN throughout the creep process, which reected the viscoelastic behavior of the material. When the applied force was removed, only instantaneous deformation was recovered, and creep deformation became permanent deformation. This effect was attributed to the disulde exchange reaction, where the disulde bonds incorporated into the material underwent an equilibrium of breaking and reformation, resulting in a dynamic LCEN with rearrangeable network structure. In addition, the rate of the disulde exchange reaction was affected by temperature, resulting in a strong temperature dependence of the permanent deformation of the LCEN lms. This unique functionality allowed for the change of the permanent shape of the LCEN, which is a crucial factor limiting the applications of shape memory polymers. As shown in Fig. 5b , the as-prepared LCEN lm was reshaped into a box by remolding at 200 C for 1 h. The breaking and reformation of the disulde bonds also allowed the LCEN lms to be repaired. Fig. 5c shows UV-induced self-healing behavior of the LCEN lms. Here, the trace of the carved letters "WSU" was signicantly reduced aer UV irradiation for only 3 min. The disulde exchange reaction also allowed for reprocessing of the material, where as-prepared LCEN lm was chopped into small pieces and hot-pressed at 200 C for 4 h. The reprocessed LCEN lms showed similar thermal, liquid crystalline, thermomechanical, and shape memory behavior to those of as-prepared LCEN lms (ESI Fig. S4-S6 †) . In addition to the self-exchange reaction, disulde bonds are able to exchange with thiol groups. The thiol-disulde interchange is a reaction between a monothiol (RSH) and a disulde (R 0 SSR 0 ) with the formation of a new disulde (RSSR 0 ) and a thiol (R 0 SH). The interchange reaction allows for the recycling of polymers containing disulde bonds using low-molecular thiol compounds. 42, 43 In order to investigate the recyclability of LCEN lms, 2-mercaptoethanol was used as a monothiol to initiate the thiol-disulde interchange reaction. Fig. 5d shows the effect of disulde bonds on recyclability of the LCEN. Compared to the thiol solution of the control LCEN (without disulde bonds), signicant coloration was observed for the solution containing LCEN with disulde bonds aer 16 h at room temperature, indicating partial dissolution of the LCEN through the interchange reaction between thiol groups and disulde bonds. However, the glassy network structure of the LCEN at room temperature impeded penetration of the thiol compound into the network. In order to further reduce crosslink density of the LCEN to fully recycle the material, the solution was heated to 150 C. Aer reuxing for 1 h, the LCEN containing disulde bonds was fully dissolved in the thiol solution (Fig. 5e) , indicating signicant breakage of the network structure because of the reduction of crosslink density.
Conclusions
In summary, a multifunctional polymer was synthesized by integrating different functional building blocks into a LCEN, including thermally responsive liquid crystals, photoresponsive azobenzene molecules, and dynamic disulde bonds. The functional groups showed good compatibility and the resulting material exhibited adaptive performance when exposed to different external stimuli. The macroscopic liquid crystalline orientation and the reversible liquid crystalline phase transition allowed for shape memory behavior, whereas the photo-alignment and photo-isomerization of the azobenzene molecules allowed for the control of photomechanical behavior of the LCEN. The incorporation of dynamic disulde bonds added new functionalities to the LCEN through disulde-disulde exchange and thiol-disulde interchange reactions, which resulted in LCEN that could be reshape, repaired, and recycled.
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